Summary. Postcapillary venules in rabbit tonsils were studied by scanning (SEM) and transmission electron microscopy (TEM).
In lymphoid tissues, the postcapillary venules are known to be specialized blood vessels, which are characterized by a high endothelium and lymphocyte infiltration within their wall.
It had long been obscure whether those infiltrating lymphocytes come from the circulating blood or from the extravascular tissue (SCHUMACHER, 1899; HUMMEL, 1935), until GOWANS and KNIGHT (1964) demonstrated in their autoradiographic study that they were migrating from the blood into the tissue parenchyma. MARCHESI and GOWANS (1964) first studied the mode of lymphocyte migration through the wall of the postcapillary venule using electron microscopy and proposed that the lymphocytes pass through the cytoplasm of the endothelial cells. Many papers thereafter claimed that the lymphocytes pass between the endothelial cells (SUGIMURA et al., 1964; CLAESSON et al., 1971; SCHOEFL, 1972; WENK et al., 1974; BAILEY and WEISS, 1975) . Recently, FARR and DE BRUYN (1975) stated that the lymphocytes first penetrate into the endothelial cells and then migrate into the intercellular space. Thus, the mode of migration has not been determined in spite of the endeavor of several authors who analyzed serial ultra-thin sections of tissue under the transmission electron microscope (MARCHESI and GOWANS, 1964; SCHOEFL, 1972; WENK et al., 1974; FARR and DE BRUYN, 1975 ).
In the above-mentioned studies, some morphological features of the endothelial cells in the postcapillary venules have also been described, but their three-dimensional structure has still been in the mist of unclarity.
Recently, T and B lymphocytes have become identifiable on the basis of their surface structure by the scanning electron microscope (POLLIACK et al., 1973 (POLLIACK et al., , 1975 LIN et al., 1973) . Many works suggest that T lymphocytes form the great majority of recirculating cells which may enter from blood to lymph via the postcapillary wall of these vessels should be T lymphocytes.
As far as we are aware, however, there is no report examining their cell type from morphological aspects.
In the present paper, the postcapillary venule in the rabbit tonsil was studied by scanning (SEM) and transmission electron microscopy (TEM) in order to clarify the three-dimensional ultrastructure and topography of the endothelium and migrating lymphocytes.
Materials and Methods
Four male rabbits weighing 2,800-4,150g were used. After the rabbits were anesthesized with intravenously injected sodium pentobarbitrate, the thorax was opened and the ascending aorta was cannulated from the left ventricle with a polyethylene tube, which was connected with a bottle hung about 1m higher than the animal. 500-1, 000ml Ringer solution was perfused to wash the vascular bed, followed by 500ml of 1.5% glutaraldehyde (0.067M cacodylate buffer, pH7.5, with 1% sucrose added) (SMITH and FARQUHAR, 1966) . The thoracic aorta was clamped to prevent the perfusion to the lower half of the body, and drainage was set by incising the right auricle.
Immediately after perfusion bilateral tonsils were removed, one for SEM and the other for TEM study.
For TEM preparation, the tonsil was cut into small blocks and rinsed in the same fixative for 2hrs. Specimens were postfixed in 1% OsO4 for 2hrs, dehydrated through a graded series of alcohol, transferred to propylene oxide, and then embedded in Epon (LUFT,1961) . Sections were made with glass knives in a Porter-Blum MT-1 ultrotome. Semi-thin sections were stained with 1% toluidine blue and examined by light microscopy. Ultra-thin sections were doubly stained with uranium acetate and lead acetate to be examined under a Hitachi HU 125 DS electron microscope.
For SEM preparation, small blocks of the tonsil were rinsed in the same fixative for 6hrs, replaced successively by a solution of 2% sucrose, 2% sodium glutamate and 2% glycine, then to 2% tannic acid and to 2% OsO4 according to the method of MURAKAMI (1974) . They were then rinsed by distilled water, dehydrated through a graded series of alcohol and transferred to isoamyl acetate.
The specimens were freeze-cracked in liquid nitrogen by the method reported by TOKUNAGA et al. (1974) , critical point-dried in CO2, and coated with a thin layer of gold palladium by vacuum evaporation.
Observation and photography was performed in a Hitachi scanning electron microscope HFS-2, under accelerating voltage of 10kV.
venules (GREAVES, OWEN and RAFF, 1973) . If so, most of the lymphocytes within the Observations 1. Location and structure of the postcapillary venules
As viewed by light microscopy the postcapillary venules of the rabbit tonsil are located in the perifollicular region together with blood capillaries, small veins and lymphatics (Fig. 1) . The blood vessel lumen is usually free of blood cells, but may rarely contain a few leucocytes.
The lymphatics are distinguished from the blood vessels since they are usually filled with lymphocytes ( Fig. 1, 2) .
The endothelial lining of the postcapillary venule consists of rounded cells whose nuclear portion protrudes highly into the lumen, thus causing a very uneven contour; they are surrounded by a basal lamina and some thin pericytes. The endothelial cells have a large pale oval or rounded nucleus contnining one or two conspicuous nucleoli. Within the wall of these venules, there are a large number of lymphocytes whose nuclei re distinctly darker in appearance and smaller in size than those of the endothelial cells (Fig. 2 ).
Endothelium of the postcapillary venule
When viewed with TEM, the protrusion of the endothelial cells into the lumen showed either a smooth or a considerably irregular contour by small protrusions and Numerous lymphocytes are seen within their wall. At the center, a lymphatic capillary excavations (Fig. 3, 10 ). A nucleus with relatively sparse chromatin occupied the major part of the cell body. There was a well developed Golgi apparatus near the nucleus, a few elongated mitochondria, cisterns of granular endoplasmic reticulum dispersed or occasionally forming a well developed network. Microfilaments occurred randomly and numerous free ribosomes formed polysomes throughout the cytoplasm.
In the Golgi area a pair of centriols were occasionally found forming a diplosome. A large number of lysosomes were scattered in the cytoplasm some of which appeared as dense bodies and multivesicular bodies. There were many pinocytotic vesicles at the surface, and coated vesicles were often numerous in their vicinity (Fig. 3, 10 ). The endothelial cell was, in its base, interdigitated with adjacent cells, thus making the configuration of the cell sometimes quite complicated (Fig. 3, 14) . Intercellular junctions of a desmosomal nature could be found between the adjacent cells, especially in their basal interdigitations.
When the freeze-cracked surface of the tonsil was viewed by SEM, the postcapillary venules could be readily identified by their characteristically swollen endothelial cells and by many lymphocytes located on the endothelium (Fig. 4) . In closer view, the endothelial cells bulged in the middle portion and radiated from the lower marginal portion 2-4 relatively thick cytoplasmic processes (marginal processes), which extended obliquely downward and creeped into the base of adjacent cells or crossed over a neighbor cell to connect with a more distant cell (Fig. 5, 7, 12) . This finding corresponded to the above-mentioned basal interdigitation of the endothelial cells viewed by TEM.
Some of the marginal processes appeared as the intercellular supported by longitudinal microfilaments and sometimes contained a few vesicles and ribosomes (Fig. 6) .
The cell boundaries exhibited irregular grooves. The cell margin sometimes was raised up as a wavy flap which has been known as the marginal fold (Fig. 12) .
The endothelial cells of the capillary and the small vein were polygonal in shape and attenuated except for a slight nuclear swelling.
They had also marginal folds on their cell boundaries, but lacked the marginal processes seen in the portcapillary venules (Fig. 8, 9 ).
Luminal surface of the endothelial cells
The luminal surface of the endothelial cells in the postcapillary venules showed a large number of minute projections under the SEM (Fig. 5, 11, 12 ). Granular processes were scattered on the endothelial cell surface which were rounded in shape and approximately 80 to 900nm in diameter.
These processes were greatly variable in number from cell to cell, ranging from 10 to 200 pieces per cell. In addition to these granular processes, a few microvillous projections extended from the surface, rounded and some of them had a knob-like appearance (Fig. 11) . Usually 1-3 of these projections occurred on one cell, mainly on its marginal portion, though some of the endothelial cells possessed none of this type of projection.
The granular processes and microvillous projections were also found on the endothelial surface of the capillaries and small veins (Fig. 8, 9 ). There were also some pits of various sizes (60-500nm in diameter), which corresponded to the caveolae or larger excavations in the cell surface. Except for these surface structures, the luminal surface of the cells was relatively smooth and only partially ruffled. Surface coat materials on the cell surface were not distinct either in the TEM or under the SEM.
Lymphocytes on the endothelium
We could demonstrate a large number of lymphocytes on the endothelium of the postcapillary venules and examine their three-dimensional relationship with the endothelial cells by SEM (Fig. 4, 5) . Approximately 2/3 of them were located solitarily just on the endothelial cell boundaries or very close to them. The precise sites of their contact with the endothelium could not be visualized even in closer views, but none of the lymphocytes was found away from the cell boundaries. Another 1/3 of them plugged a portion of the cell body between the adjacent endothelial cells (Fig.  5, 12, 13 ). When viewed with TEM, they were evidently located in the intercellular space, a part of the cell body remaining in the lumen (Fig. 15) . Under the SEM, no lymphocyte was found inserted into the cytoplasm of an endothelial cell.
Migrating lymphocytes located entirely within the endothelial wall were not visible under the SEM. TEM observation confirmed that such cells were in the intercellular space (Fig. 14) .
Surface structure of lymphocytes on the endothelium
All the lymphocytes on the endothelium of the postcapillary venules were small from villous surface with numerous microvilli to generally smooth without obvious projections.
Surface projections were variable from the short projections approxi- Note some excavations, numerous granular processes and a few microvillous projections, one of which ends in a knob-like appearance (arrow), Except for these surface structures, the luminal surface shows a variety from smooth to irregular.
A "villous" lymphocyte (L) is located on the cell boundary region. mately 50nm to the microvilli approximately 900nm in length. These lymphocytes were classified into three types on the basis of their surface architecture. The first type was designated the "villous" lymphocyte covered by numerous microvilli (Fig.  11) , the second type, the "relatively smooth" lymphocyte with a moderate number of microvilli (less than 50) or shorter projections (under 300nm in length) (Fig. 5) , and the third type, the "smooth" lymphocyte without obvious projections (Fig. 12, 13 Combined SEM and TEM observation in the present study reveals the occurrence and structure of the marginal processes of the endothelial cells in the postcapillary venules. These processes have not been visualized in previous TEM studies, although some authors have described the endothelial cells in a crowded or heaped up appearance (HUMMEL, 1935; WENK et al., 1974) .
In the endothelium of the rabbit aorta a structure slightly resembling the marginal process has been reported in a SEM study by SHIMAMOTO and his co-workers (1969) as the "intercellular bridges." Though a few authors supported the report of SHIMAMOTO (CHISOLM, GAINER and STONER, 1973) , most of the recent investigations on the vascular endothelium do not confirm the occurrence of the "intercellular bridges" but regard them as artifacts due to inadequate specimen preparation (URAGO et al., 1971; CHRISTENSEN and GARBARSCH, 1972; TOKU-NAGA, OSAKA and FUJITA, 1973; EDANAGA, 1974 EDANAGA, , 1975 .
Endothelial cells of the postcapillary venules were connected not only with their direct neighbor cells but with more distant cells by the basal interdigitations and luminal intercellular bridges.
It is obvious that the endothelial cells of this venule are more intricate in structure and intimate in relation with each other than previously regarded. ASANO and MAGARI (1976) mentioned in their TEM study of the postcapillary venules in the lymph node of fetal rabbits that primitive blood vessels differentiated into them after the 20th fetal day and the migration of lymphocytes through them began to be recognized on the 28th fetal day. It is supposed that the marginal processes form during the differentiation of the vessel and, together with the proceeding Table 1 . Number and percentage of each type of lymphocytes cell division and growth, results in the characteristic endothelium of the postcapillary venules.
The marginal processes may likely play various roles in the migration of lymphocytes. Being exposed in the lumen, they may be able to alter the condition of blood flow and facilitate the lymphocyte attachment to the endothelial surface. BAILEY and WEISS (1975) suggested that the endothelium might act as a baffle to blood flow. Moreover, the filaments in the endothelial cells, as WENK et al. (1974) implicated, are likely contractile in nature, and the present study demonstrated that the marginal processes may be rich in those filaments. If the endothelial cells and especially their processes are contractile, their movement may facilitate the migration of lymphocytes in the endothelial wall. The intimate connection of endothelial cells by these interdigitated processes may serve to prevent endothelial rupture by the active migration of lymphocytes.
We consider that the marginal processes are the most characteristic structure of the postcapillary venule which probably has developed in relation to the passage of lymphocytes through its wall; no other blood vessels possess this peculiar structure.
Luminal surface of endothelial cell
Numerous TEM studies are available on the morphology of the endothelial cells of postcapillary venules (MARCHESI and GOWANS, 1964; SUGIMURA et al., 1964; MIKATA and NIKI, 1966; CLAESSON et al., 1971) . In these studies, however, cell organelles and intercellular junctions have been mainly described, the surface morphology being payed little attention. SORDAT et al. (1971) demonstrated occurrence of IgG at the endothelial cell borders in postcapillary venules of the human tonsil using fluorescent antibody techniques, and connected this finding with the function of the endothelium trapping special lymphocytes.
The nature of the endothelial cell surface thus came into the focus of investigations (VAN DEURS and ROPKE, 1974; WENK et al., 1974; CLAESSON and JORGENSEN, 1974; BAILEY and WEISS, 1975) . WENK et al. (1974) described that the diameter).
They observed the cell coat material on the luminal surface of the perfused postcapillary venule. BAILEY and WEISS (1975) noticed the luminal filiform projections on the endothelial cell surface of the postcapillary venules in the human fetal lymph node.
Before the application of SEM to the research of blood vessels, our knowledge concerning the endothelial surface structures had been very scarce, because it is exceedingly difficult to attain the whole aspect of the surface from the observation of sections by TEM. The present SEM observation reveals numerous granular processes, a few microvillous projections and a number of excavations on the luminal surface of the endothelium of the postcapillary venules. TOKUNAGA et al. (1973) demonstrated hair-like projections and small granule-like processes in their SEM study on the rabbit aortic endothelium.
Our granular processes and microvillous projections seem to correspond to those structures, according to their appearance, though our microvillous projections are thinner (30-100nm) than those (100-150nm). Moreover, the granular processes and microvillous projections are also found on the endothelium of capillaries and the small veins in the rabbit tonsil and it is suggested that they commonly occur on vascular endothelia at least in the rabbit.
We could confirm the presence of cell coat material neither by TEM nor by SEM. If present, it might have been obscured by the coating of gold palladium on the cell surface.
Entry of lymphocytes into the endothelium
In the present study, the blood vessels were carefully perfused so that every blood cell free in their lumen was eliminated.
We consider therefore that all lymphocytes left on the endothelium of the postcapillary venules were under migration through the vascular wall.
The mode of lymphocyte migration through the wall of the postcapillary venule has been disputed by many authors, since MARCHESI and GOWANS (1964) first proposed an intracellular passage of lymphocytes.
They studied the postcapillary venules of the rat lymph node by serial sections and concluded that the lymphocytes entered the endothelial cytoplasm and traversed it. On the contrary, SUGIMURA et al. (1964) suggested that they migrated by penetrating the junction between the endothelial cells. Lately, CLAESSON et al. (1971) agreed with this view. SCHOEFL (1972) and WENK et al. (1974) investigated the spacial relationships between lymphocytes and endothelial cells by statistically analyzing the TEM images and examining also some serial sections, and reached the same conclusion as SUGIMURA et al. (1964) and CLAESSON et al. (1971) . Many investigators have now agreed with the intercellular theory of the lymphocyte passage through the endothelial wall ( VAN DEURS and ROPKE, 1974; BAILEY and WEISS, 1975) . Quite recently, however, FARR and DE BRUYN (1975) investigated the mode of entry of the lymophcytes into the endothelium by TEM observation of serial sections, and concluded that lymphocytes first penetrated into the endothelial cell, and thereafter migrated into the intercellular spaces.
In the present SEM observation, the lymphocytes were located on the cell boundary region of the endothelium (including the area close to the cell boundary) or plugged between the adjacent cells (Fig. 5, 11, 12, 13 ). Contact sites of the lymphocytes in this region with the endothelial cells were difficult to visualize but some of them appeared to extend their pseudopod into the intercellular space. This observation under the SEM indicates that lymphocytes usually are trapped selectively at the cell boundary region and take the intercellular way of entry. Furthermore, reference to thin sections observed by TEM in the present study confirms the intercellular mode of lymphocyte migration (Fig. 15) .
Our observation of the lymphocytes located entirely within the endothelial wall corresponds to the findings by SUGIMURA et al. (1964) , CLAESSON et al. (1971 ), SCHOEFL (1972 ), WENK et al. (1974 , BAILEY and WEISS (1975) and FARR and DE BRUYN (1975) .
Surface architecture of lymphocytes on the endothelium
Through the marked advance of immunology, two types of lymphocytes, T and B cells have been established since the end of the 1960s. Recently, T and B lymphocytes were morphologically identifiable by SEM. POLLIACK et al. (1973) proposed that the surface of T lymphocytes were generally smooth in contrast to B lymphocytes possessing numerous microvilli in the human. Later they showed that the identification of murine lymphocytes was also possible on the basis of the same criteria of surface morphology (POLLIACK et al., 1975) . LIN et al. (1973) observed the human T and B lymphocyte rosettes by the SEM, and confirmed that T lymphocytes were generally smaller and smoother with fewer and shorter microvilli as compared to B lymphocytes, but they stated also that these differences were not absolute and some cells could not be properly classified by those criteria.
The surface morphology of T and B lymphocytes is still controversial as reviewed by WETZEL (1976) ; the problems of specimen preparation also remain unsettled.
In the present observation, the surface architecture of rabbit lymphocytes in the postcapillary venules appeared considerably similar to the human lymphocytes described by POLLIACK et al. (1973) . "Relatively smooth" lymphocytes and "smooth" lymphocytes formed the majority (87.5%) of migrating lymphocytes on the endothelium. If the surface morphology of T and B lymphocytes described in the human and the mouse is also applicable for the rabbit, these smoother lymphocytes may correspond to T lymphocytes.
As GREAVES, OWEN and RAFF (1974) declare, "good evidence that great majority of recirculating lymphocytes" has accumulated.
It is tempting to suggest that our observation provides a support to that view, though further immunological identification of the migrating lymphocytes in the postcapillary venule is required.
